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Abstract
The low energy effective theory of the little-Higgs model with SU(6)/Sp(6) structure, as pro-
posed by Low, Schiba and Smith (LSS) exhibits two-Higgs doublet model (2HDM) structure at the
TeV scale. The symmetry dictates interesting Yukawa structures, translating to non-trivial cou-
plings of the fermions with the two Higgs doublets. The couplings of the scalars with the fermions
can induce flavor changing neutral current, which gets constrained from flavor physics observables
such as BR(b → sγ), Bs − Bs mixing etc. The precision measurement of Zbb vertex, the top and
Higgs mass along with other Higgs coupling measurements at the Large Hadron collider (LHC) also
put severe restrictions on the LSS model. Direct LHC search results of beyond the standard model
(BSM) particles are also taken in account. We constrain the LSS model in the view of the above
constraints through a multidimensional random scan. We find that, on contrary to the general
2HDM scenario, the emergent 2HDM from the LSS model is less constrained from the flavor data
and the Zbb measurement but is severely constrained form the LHC results. That is reflected in
pushing charged Higgs mass towards larger than 1 TeV with tanβ being restricted to 0.5− 5.
1 Introduction
Even if the standard model (SM) is the favourite candidate to explain all the results obtained at the
LHC, models with extended symmetries beyond the SM are of great interest due to their elegant UV
completion along with the power of stabilizing the scalars against radiative corrections i.e. solving
the gauge hierarchy problem [1]. There are two broad classes of models with enhanced symmmetries:
firstly where the space time symmetry is enhanced to incorporate the spin, also to have symmetries
that even relate the bosons and the fermions; are called supersymmetric models [2]. Another set
of models also possess enhanced gauge symmetries which are systematically broken, sometimes in
multiple steps, to manifest the symmetry of the SM. These set of models, where the Higgs boson
comes from a bigger representation are termed as little Higgs models (LH) [3] and many different
variations of this model have been proposed in literature [4–7].
Due to the presence of the Nambu Goldstone bosons (NGB) in these little Higgs theories, they can
usher in a TeV scale extended scalar sector [8,9]. One of the simple extension among them is the one
which gives an effective two-Higgs-doublet model (2HDM) [10] framework at the lower energy scale
and we take particular interest to study this scenario. In one variation of the little Higgs scenario by
Low, Skiba and Smith (LSS) [11], the global symmetry structure is taken to be SU(6) which is broken
to an Sp(6) to provide an extended LH group structure SU(6)/Sp(6). The low-energy effective theory
of this model exhibits 2HDM structure, along with beyond standard model (BSM) particles that help
to mitigate the effects of one-loop radiative corrections. BSM particles include new fermions, which
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are one vector-like quark doublet and two vector-like quark singlets along with new gauge bosons. The
natural realization of the LSS model in the low energy effective theory can be executed through the
alignment limit of the emergent 2HDM [11,12]. A comprehensive analysis of this model has been done
in Ref: [12] in the light of 8 TeV LHC data. In this paper, we discuss the effective 2HDM emerging
from the LSS model at low energy in the context of flavor and electroweak (EW) observables, along
with the measurements at 13 TeV LHC.
In light of significant tension between the SM and experimental measurements of lepton flavor uni-
versality (LFU) observables [13], it is worthwhile to ask for a NP model, capable of explaining the
discrepancies. In the LH models, presence of new particles with arbitrary flavor structure can poten-
tially address the challenges in the flavor sector. The flavor structure of different little Higgs models
has been studied in the literature through multiple variants [14–16], along with some phenomeno-
logical studies in these models [17]. The major focus of these models had been to probe the effects
of vectorlike fermions and the gauge bosons, significantly modifying the flavor observables. 2HDM
scenarios such as in Refs: [18, 19] and various scalar extensions of the SM [20, 21] can also address
the flavor anomalies with the presence of the extra scalars in the theory. Hence in our current work,
we particularly gaze at the effect of the additional scalars of the LSS model in the flavor sector. It
is worthwhile to study how the neutral and the charged scalars can modify the flavor and other EW
observables and therefore put constraints on the emergent 2HDM parameters derived from the LSS
little Higgs model.
In the familiar 2HDM [10], the Yukawa sector is organized using the Z2 symmetry arbitrarily according
to phenomenological requirement, whereas in the little Higgs models, a larger symmetry dictates it. In
the LSS scenario, the Yukawa sector is arranged in terms of fermionic multiplets which, after symmetry
breaking, directs the pattern of the emergent 2HDM Yukawa sector. Moreover, ultraviolet completion
of 2HDM is possible through the LSS model with an extended gauge sector SU(6)/Sp(6). Therefore, a
study of this model will reveal the effects of the larger symmetry on the experimental observables, that
are unlikely to manifest in ad hoc 2HDM. At first, we asses the impacts of different flavor observables
and the Zbb vertex correction. Amongst all BSM scalars present here, we take interest to study the
couplings of the charged Higgs to the third generation quarks, to potentially assess the modifications
in specific flavor observables. We observe that the B-meson mixing, B-meson decays and correction
to the Zbb vertex impose important constraints on the model parameter space.
In the LSS little-Higgs model, the lightest CP-even neutral state is identified with 125 GeV Higgs
observed at the LHC. The LHC Higgs coupling measurements put non-trivial constraints on the
model parameter space. Non-observation of new states at the LHC [22, 23] and the EW precession
tests (EWPT) [24] place strong limits on the BSM and hence, also constrain the LSS model. We
estimate the crucial differences in the allowed tanβ and charged Higgs mass region in the emergent
2HDM from the LSS model as opposed to the ad-hoc 2HDM. In contrast to the general 2HDM with
specific Yukawa structure (e.g. type-II 2HDM) where the flavor constraints play a major role in ruling
out parameter space, in the emergent 2HDM from the LSS model, LHC constraints are more severe
than those coming from other constraints. This is due to the predictive nature of the Yukawa sector
in the LSS model that slices out a lot of points on the parameter plane to fix the Higgs mass, top
mass and top Yukawa coupling etc..
In section 2, we describe the Yukawa interaction in the LSS model to obtain the couplings of the scalar
to the SM and BSM fermions. Then we show how an effective 2HDM framework can be worked out
in this little Higgs model, connecting the strong sector parameters of the LSS to the entities of the
emergent 2HDM. We also show how different Yukawa structures can be built in some limits of the
bottom sector. In section 3, we focus on the different constraints from flavor and EW observables in
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the 2HDM framework of LSS model. First, we consider all the relevant flavor observables, discussing
their possible origin and effects. Then we scan over the entire SU(6)/Sp(6) model parameter space
to vary all LSS parameters, curving out the region favoured by the flavor and EW observables. Next,
we bring in the LHC measurements and discuss their uber-constraining effects on the already flavor
constrained parameter space. Finally in section 4, we chart out relative importance of our results in
comparison to the general 2HDM.
2 Low-Skiba-Smith (LSS) Little Higgs Model
The little Higgs model proposed by Low, Skiba and Smith i.e. the LSS model [11], exhibits a bigger
symmetry SU(6) in the unbroken form, which is broken to a residual symmetry Sp(6) by the field
condensates. The number of massless Goldstone bosons that are expected to appear due to this
symmetry breaking is equal to the difference in the number of generators i.e. 35 − 21 = 14. The
NGB’s (pia) are contained in Σ = e[ipi
aXa/f ]〈Σ〉, where 〈Σ〉 is the antisymmetric condensate and Xa’s
are the broken generators, as given in [11]. These Goldstone bosons obtain relatively small masses from
the radiative corrections and therefore can be termed as pseudo-Nambu Goldstone bosons (pNGB).
Eight of these pNGBs can form two scalar doublets (φ1 and φ2), which, at the TeV scale, is similar
to the general 2HDM by construction. The difference between the general 2HDM and the emergent
2HDM in the LSS model is that LSS model contains vector like fermions and gauge bosons. Those
along with the 2HDM structure can significantly alter BSM scalar phenomenology as shown in earlier
works [12, 25]. In the following, we focus on the Yukawa couplings of the scalars and its effective
2HDM analysis. For details on model construction, we refer to [11,12].
2.1 Yukawa Sector: Diagonalization of Mass Matrices
Diverse nature of the LSS model Yukawa sector requires special attention, as it has immense potential
churn out intricacies of flavor and other EW physics. Yukawa sector construction here involves exten-
sion beyond the SM electroweak symmetry breaking. In the LSS model, the SU(6) symmetry is broken
explicitly by the gauge and Yukawa couplings in multiple steps: can be termed as collective symmetry
breaking. In the fermion sector, this is ensured by a special structure of the Yukawa couplings [11]. In
this model, we are considering the coupling with the third generation of fermions only. Also, in this
study we have adopted a different nomenclature for the fields compared to [12] and hence we show
the following steps for clarity. The Yukawa Lagrangian is,
LY uk = y1f
(
Q′ t′′ (iσ2Q)T 0
)
(Σ)∗
(
0
tc
)
+ y2f
(
0 0 QT 0
)
(Σ)

iσ2Q′ c
t′′ c
0
b′′ c

−iy1bf
(
0 0 QT 0
)
(Σ)

0
0
0
bc
+ iy2bf (0 0 (iσ2Q)T 0) (Σ)∗

0
bc
0
0
+ .h.c. . (1)
The new fermions are one vector-like quark doublet Weyl-fermion pair Q′ = (t′, b′)T , Q′c = (−b′c, t′c)T
with Y = 1/6 and EM charge 2/3, one vector-like up-type quark singlet t′′, t′′ c with EM charge ±2/3,
and one vector-like down-type quark singlet b′′, b′′ c with EM charge ∓1/3. Q = (t, b)T is the SM
SU(2) doublet. yi and yib for (i = 1, 2) are the dimensionless constants in the top and bottom sector
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respectively. Expanding the the SU(2) structure of the Yukawa couplings and including vector-like
fermion masses,
Lmass+Yuk ⊃ −y1
(
ft′′tc − iQ′Tφ∗2tc − iQT · φ1tc
)
+ y2
(
fQT ·Q′c + iQTφ∗1b′′ c + iQTφ∗2t′′ c
)
+y3f(Q
′T ·Q′c) + y4f(t′′ ct′′) + y5f(b′′ cb′′) + y1b(QTφ∗1bc)− y2b(QT .φ2bc) + h.c. ,(2)
Here y3, y4 and y5 are also dimensionless constants. From Eq. (2), we can infer the fermion mass
matrices after electroweak symmetry breaking (EWSB). The fermion mass matrices with EM charge
+2/3 and −1/3 appears in the Lagrangian as,
L ⊃ (t t′ t′′)
iy1
v1√
2
y2f iy2
v2√
2
iy1
v2√
2
y3f 0
−y1f 0 y4f

 tct′c
t′′ c
+ (b b′ b′′)
yib vi√2 y2f iy2 v1√20 y3f 0
0 0 y5f
 bcb′c
b′′ c
+ h.c. ,
(3)
where vi = {v1, v2}, are vev of φ1 and φ2 respectively. After diagonalizing Eq. (3), we get the
couplings of the scalars to the fermions in the top sector in the mass basis. We implement a two-step
diagonalization, where first the f -dependent terms are diagonalized analytically, and then the v1,2
dependent terms (appears after EWSB) are diagonalized numerically. We define the rotations that
diagonalize the f dependent terms as, tt′
t′′
 =
c23 −s23 0s23 c23 0
0 0 1
t0t1
t2
 ;
 tct′c
t′′ c
 =
c14 0 −s140 1 0
s14 0 c14
tc0tc1
tc2
 ;
 bb′
b′′
 =
c23 −s23 0s23 c23 0
0 0 1
b0b1
b2
 , (4)
with s23 ≡ sin θ23 = y2/(
√
y22 + y
2
3), c23 ≡ cos θ23 = −y3/(
√
y22 + y
2
3), and s14 ≡ sin θ14 =
y1/(
√
y21 + y
2
4). After these rotations, some field redefinitions are performed to make the mass matrix
entries real and positive.3 Then, for brevity of notation, in the following, the tildes on the fields are
dropped to denote the fields χ˜i simply as χi. Hence, the mass matrices become,
Lmass ⊃ (t0 t1 t2)
Mt11 0 Mt13Mt21 Mt22 Mt23
0 0 −Mt33
tc0tc1
tc2
+(b0 b1 b2)
Mb11 0 Mb13Mb21 Mb22 Mb23
0 0 Mb33
bc0bc1
bc2
+h.c. .
(5)
After the field redefinitions the new mass matrix entries Mt,bij are (without the ′i′s and negative signs
in the matrix of Eq. (5)),
Mt11 =
y1(y3y4v1 + y2y3v2 − y2y4v2)√
y
14
√
y
23
√
2
, Mt13 =
(y21y3v1 − y2y3y4v2 − y21y2v2)√
y
14
√
y
23
√
2
,
Mt21 =
y1(y2y4v1 + y
2
2v2 + y3y4v2)√
y
14
√
y
23
√
2
, Mt23 =
(y21y2v1 − y22y4v2 + y21y3v2)√
y
14
√
y
23
√
2
,
Mt33 = −f
√
y14 , Mt22 = f
√
y23 ,
Mb11 = c23yib
vi√
2
, Mb13 = y2
v1√
2
, Mb33 = y5f ,
Mb21 = yib
vi√
2
s23 , Mb23 = −y2
v2√
2
s23, Mb22 =
√
y23f, (6)
where
√
y
14
≡
√
y21 + y
2
4,
√
y
23
≡
√
y22 + y
2
3.
3 The field redefinitions are used, following the notation in Ref: [12]: tc0 = it˜
c
0, t
c
1 = −it˜c1, t′ c = −t˜′ c, ψ1 = iψ˜1, and,
b1 = −b˜1, ψc2 = −iψ˜c2, and ψ2 = iψ˜2.
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In the next step we diagonalize the v1,2 dependent terms of the matrix Mtij numerically, where the
entries of Mtij are function of intrinsic model parameters. To achieve this we have carried out a bi-
orthogonal transformation by implementing left and right orthogonal matrices RL and RR respectively,
such that,
RLMtijRTR ≡ (Mtij)D, (7)
where (Mtij)D is diagonal matrix in the mass basis. The transformation of the fields are defined as,
(t0 t1 t2)
T = RTL(T2 T1 t)
T ,
(tc0 t
c
1 t
c
2)
T = RTR(T
c
2 T
c
1 t
c)T , (8)
where Ti, t and T
c
i , t
c are the mass eigenstates in the top sector. We identify (t, tc) as the observed
top-quark (t) mass eigenstates and the others correspond to the mass eigenstates of the vectorlike top
partners (T1, T2). In the bottom sector, the off-diagonal terms proportional to vi are numerically in-
significant due to the smallness of yb, and hence we do not perform the mass-diagonalization. We iden-
tify (b0, b
c
0) as the observed bottom quark (b) and the others corresponds to vectorlike bottom partner
(B1,B2). We also identify the mass eigenvalues as mt,MT1 ,MT2 in the top sector, and mb,MB1 ,MB2
in the bottom sector. As the diagonalization is carried out numerically, in order to identify the eigen-
values corresponding to mt,MT1 ,MT2 and mb,MB1 ,MB2 , it is ensured that mt < MT1 < MT2 and
mb < MB1 < MB2 .
2.2 Yukawa Couplings of the Scalars
We turn next to extracting the Yukawa couplings of the scalars present in the emergent 2HDM format.
We are mainly interested to the couplings of SM like Higgs h and charged Higgs H± to the fermions
because those couplings affect the flavor and EW observables the most as per the model parameter
space of LSS model is concerned. We will discuss this further at the end of this section. In the
following we present the structure of the relevant yukawa couplings, i.e the couplings of h and H± in
detail.
Before the mass diagonalization, the top-quark Yukawa coupling with Higgs-like scalar h in the flavor
basis can be written as,
Lhtt = i h√
2
(
t ψ1 t
′) y1cα −y2sα 00 0 0
−y1sα 0 0
 tcψc1
t′ c
+ h.c. . (9)
Then we rewrite the Lagrangian in the basis where the f -terms are diagonal4. Also we implement the
field redefinitions as stated previously, to render the real fermion mass matrix. Hence, the Yukawa
coupling of Higgs-like scalar h in an intermediate basis now takes the form,
LYukh ⊃
h√
2
[y00t0t
c
0 + y01t0t
c
1 + y10t1t
c
0 + y11t1t
c
1] + h.c. , (10)
with y00 ≡ (−y1cαc14c23 + y1sαc14s23 + y2sαs14c23), y01 ≡ (−y1cαs14c23 + y1sαs14s23 − y2sαc14c23),
y10 ≡ (y1cαc14s23 +y1sαc14c23−y2sαs14s23), y11 ≡ (y1cαs14s23 +y1sαs14c23 +y2sαc14s23). The Yukawa
coupling after the bi-orthogonal rotations to the mass-basis as defined by Eq.(8) is,
yhtt = [y00(RL)31(RR)31 + y01(RL)31(RR)32 + y10(RL)32(RR)31 + y11(RL)32(RR)32] , (11)
4In our convention, we define the top-quark Yukawa coupling yhtt as Lhtt = (h/
√
2)yhtttˆ0tˆ
c
0 + h.c.. We define this
with a positive sign here since our field redefinitions made the fermion mass terms positive.
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where (RL)ij and (RR)ij with i, j = {1, 2, 3}, is the (i, j) entry of the rotation matrix RL and RR
respectively. We define κhtt ≡ yhtt/ySMhtt . Similarly, the Yukawa coupling of the CP even neutral scalar
H can be obtained from Eq.(10) by making the change cα → sα and sα → −cα. For the couplings of
the pseudo scalar A we refer to the paper [12]
The yukawa coupling of the b-quark with SM Higgs and the mass of b can be derived from Eq.(2) as,
Lhbb ⊃ c23√
2
[v (y1bsβ + y2bcβ) + h (y1bcα − y2bsα)] b0bc + h.c. . (12)
The coupling and the mass is thus identified to be;
mˆb ≡ v(y1bsβ + y2bcβ)/
√
2, yhbb ∼ mb/v. (13)
Analogous mass and coupling expressions apply to the τ with the replacement yb → yτ .
Similarly, the coupling of the charged Higgs with the third generation quarks can be obtained as,
LY ukH± ⊃ H+
(
y+00b0t
c
0 + y
+
01b0t
c
1 + y
+
10b1t
c
0 + y
+
11b1t
c
1
)
+H−
(
y−00t0b
c + y−10t1b
c + y−02t0ψ
c
2 + y
−
12t1ψ
c
2
)
+h.c. ,
(14)
where,
y+00 = (y1sβs23c14 − y1cβc23c14 + y2sβc23s14),
y+01 = (y1sβs23s14 − y1cβc23s14 − y2sβc23c14),
y+10 = (−y1sβc23c14 − y1cβs23c14 + y2sβs23s14),
y+11 = (−y1sβc23s14 − y1cβs23s14 − y2sβs23c14),
y−00 = [(−y1bcβ + y2bsβ)c23], y−10 = [(y1bcβ − y2bsβ)s23],
y−02 = (−y2cβc23), y−12 = (y2cβs23).
After the rotation matrices(RL, RR) that diagonalize the off-diagonal terms proportional to v1,2 are
computed numerically, we obtain the Lagrangian involving the charged Higgs and the top and bottom
quark as:
LH±tb ⊃ Vtb
1
v
H+t
(
yH±tLbRmtPR + yH±tRbLmbPL
)
b+ h.c. , (15)
where the charged Higgs Yukawa couplings are given by,
yH±tLbR =
[
y−00(RL)31 + y
−
10(RL)32
]
,
yH±tRbL =
[
y+00(RR)31 + y
+
01(RR)32
]
. (16)
The relevant Lagrangian involving the coupling of top and strange quark can be obtained in a similar
way,
LH±ts ⊃ Vts
1
v
H+t
(
yH±tLsRmtPR + yH±tRsLmsPL
)
s+ h.c. , (17)
where the yH±tLsR , yH±tRsL can be obtained from using the expressions from Eq.(15) with the replace-
ment of y1b → y1s, y2b → y2s and then use them in analogous to y−00, y−10 terms in Eq.(16). Note that
the first part of both the couplings is the same and hence it will be the dominant term as it is pro-
portional to mt. The second term being proportional to mb and ms is negligible due to the smallness
of the mass. Moreover, the couplings are of the same order, i.e, y1b ∼ y1s, y2b ∼ y2s. The second part
of the Lagrangian, proportional to ms is not significant due to smallness of the strange mass. The
coupling involving the down quark, H±td, will also hold similar expression but the coupling is small
as Vtd is small. Overall, the coupling H
±td and H±ts will be smaller compared to H±tb.
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Among the other couplings of the charged Higgs, the H±cs and H±τν couplings can be obtained as
LY uk ⊃ (y1ccβ − y2csβ)H+scc + (−y1scβ + y2ssβ)H−csc + (−y1τ cβ + y2τsβ)H−ντ c + h.c. . (18)
The charged Higgs decays dominantly through H± → tb mode for most of the parameter space, unless
there is a abrupt cancellation between different contributions Eq.(15) [12]. Otherwise, the second
most prominent decay mode H± → cs takes over. The leptonic decay mode H± → τν is not very
significant. Hence the tree level charged current contribution is negligible in this model.
In Ref: [12] the couplings of the neutral pseudoscalar (A) and the heavy scalar (H) are studied in
detail. H and A couple to third generation quarks strongly. Their couplings to the leptons as well as
first and second generation of quarks are negligible. Hence, tree level flavor changing neutral current
(FCNC) processes, in meson decays, neutral meson mixing and other lepton flavor violating decays
are also absent in this model. We discuss different structures of the Yukawa couplings in effective
2HDM framework and their effect on FCNCs in the next section.
2.3 Effective 2HDM Framework of LSS model
In the LSS model, as decreed in the previous section, if the radiative corrections due to presence of
extra heavier gauge bosons, vectorlike quarks and the singlet scalars are included, the effective scalar
potential at the TeV scale mimics that of the 2HDM, albeit with absence of a number of scalar field
combinations. The scalar potential generated at one loop in the LSS model [11] is,
VLSS = m21|φ1|2 +m22|φ2|2 + (b2φT1 · φ2 + h.c.) + λ′5|φT1 · φ2|2 , (19)
where φ1 and φ2 are SU(2) doublet scalars with hypercharge +1/2 and 1/2 respectively, and φ
T
1 .φ2 =
φT1 iσ
2φ2 is the antisymmetric product of the fields.
Similar to the 2HDM case, the ratio of VEV’s of the scalar doublets φ1,2 are presented in terms of
tanβ ≡ v1/v2 =
√
m22/m
2
1 , (20)
which depends on the LSS scalar potential parameters m2i . The physical masses of the TeV scale
scalars that constitute the 2HDM structure can be expressed as,
m2A = 2b
2/ sin (2β) ; m2H± = m
2
A − λ′5v2/2 ,
m2H,h =
1
2
[
m2A ±
√
m4A − 4(m2A −m2H±)m2H± sin2 (2β)
]
, (21)
The parameters m21, m
2
2, b
2 and λ′5, that are functions of the SU(6)/Sp(6) model Lagrangian param-
eters, are given as,
λ′5 =
cg21
[
g22 + (c
′/c)y22
]
)
g21 + g
2
2 + (c
′/c)y22
, b2 =
3f2
8pi2
y21y2(y3 − y4) log
Λ2
M2f
,
m21 f =
3f2
8pi2
(y21 − y22)(y23 − y24) log
Λ2
M2f
, m22 f =
3f2
8pi2
(y21y
2
2 + y
2
2y
2
5 − y22y23 − y21y24) log
Λ2
M2f
,
m21g = m
2
2g =
3
64pi2
[
3g2M2g log
Λ2
M2g
+ g′ 2M2g′ log
Λ2
M2g′
]
, m21s = m
2
2s =
λ′5
16pi2
M2s log
Λ2
M2S
.(22)
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m21 and m
2
2 get contributions from the scalars (s), gauge bosons (g) and fermions (f) in the loop.
Here, Λ is the cut-off which is taken to be 4pif , where f is the energy scale associated with SU(6)/Sp(6)
breaking. Mf is the heavy vector-like fermion mass-scale. The heavy gauge-boson masses are Mg =
f
√
(g21 + g
2
2)/2 and Mg′ = f
√
(g′ 21 + g′ 22 )/2. The singlet scalar (s) mass is Ms = f
√
c(g21 + g
2
2) + c
′y22,
where c and c′ are O(1) parameters that depend on the UV completion details as explained in Ref: [12]
How the two scalar doublets φ1, φ2 couple to the other lighter fermions (lighter than top) in the 2HDM,
determines presence or absence of flavor-changing-neutral currents (FCNC) in the theory. As tree level
FCNC’s are tightly limited by experimental absence, they can place stringent constraints on the model.
The tree level FCNCs are absent in the 2HDM with an unbroken Z2 symmetry. Symmetries in the LSS
model compel top-quark to couple to both φ1 and φ2 (see Eq.(1)), which breaks Z2 symmetry of the
2HDM in the top sector. This is termed Type III 2HDM flavor structure, that results in non-trivial
FCNCs in the 3rd generation.
In the light fermionic Yukawa sector, Z2 symmetry can be enforced i.e. either φ1 or φ2 couples to
the fermions. With Yukawa interactions y1(b,τ,c) 6= 0; y2(b,τ,c) = 0, i.e. light down type fermions being
coupled only to φ1, stringent constraints from the LHC such as h → bb, ττ measurement becomes
important. The alternative possibility is y1(b,τ,c) = 0; y2(b,τ,c) 6= 0, which relaxes the earlier constraint.
If this Yukawa structure is adopted for the up type light fermions as well, this will resemble a Type
I 2HDM for framework for the light fermion sector, while the top breaking it. The earlier framework
y1(b,τ,c) 6= 0; y2(b,τ,c) = 0, along with the up type coupling with the φ1 is also a Type I framework for
the light fermions, but that is not so tenable from LHC constraints.
On the other hand, on alternative Yukawa pattern can be explored where y1 6= 0 for the up-type
light fermions, them being coupled only to the φ1 and the down type fermions only couple to the
φ2 i.e. y2 6= 0 for the down type. The light fermion sector in this scenario will look like a Type II
2HDM set up. As in the earlier case, the top couples to both φ1 and φ2 and again breaks the Type
II structure. The constraints from h → bb, ττ LHC are also relaxed here. These type of peculiarity
in the flavor structure are potentially ripe for non trivial implications in the flavor physics sector. A
detailed analysis of the impact of different hitherto important flavor observables in the 2HDM sector
is the core of this work.
3 Constraints from Flavor and EW physics
As discussed in the previous section, LSS model can exhibit different Yukawa patterns and that
lead to different 2HDM-like scenarios. Depending on the flavor structure of the Yukawa couplings,
flavor changing-neutral currents can place important constraints on the model. We study the FCNC’s
involving the 3rd generation quarks in particular which is non-trivial. In this model, the top-quark
couples to both φ1 and φ2. The couplings involving the bottom Yukawa depend on y1b and y2b, which
play a major role in the calculation of flavor observables. The choice of y1b 6= 0 and y2b 6= 0 reflects
the Type-III like scenario. We have also considered alternative scenarios when y1b = 0 and y2b 6= 0 or
y1b = 0 and y2b 6= 0 5. Hence, in the LSS model we study three cases:
Case I: y1b 6= 0 and y2b 6= 0,
Case II: y1b = 0 and y2b 6= 0,
Case III: y1b 6= 0 and y2b = 0,
5For a detailed study of the flavor structure of general 2HDM models, one might look at Ref [26].
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As reflected in the previous section, the effect of the Yukawa couplings involving the third generation
quarks are dominant in flavor and EW observables. Also, as mentioned, the contribution of the
tree level FCNC can be avoided in a large model parameter space of the LSS model. Hence, while
discussing flavor changing neutral currents, we will be focusing only on the loop level FCNC’s in the
following text. Note that, the vectorlike fermions [27] also have significant impact on the flavor and
EW observables, but in this note we focus on the scalar sector of the effective 2HDM in the LSS
model. We include constraints from Zbb measurement while the S and T parameters are kept well
within limit by keeping the new gauge degrees of freedom heavier [12].
3.1 Flavor Observables and Zbb
In the context of 2HDM, the most stringent constraint comes from the radiative B-meson decays,
b→ sγ (b→ dγ). The latest experimental value and the theoretical value of b→ sγ show descrepency
as indicated in Table 1. In the SM, the quark-level transition is mediated by W boson and t quark
exchange via electromagnetic penguin diagram. The matrix element for this process at the electroweak
scale is governed by the dipole operator. The effective Hamiltonian for this process is given by,
Heff = −4GF√
2
V ∗tsVtb
8∑
i=1
Ci(µ)Oi(µ). (23)
The operators are evolved from the electroweak scale (EW) down to bottom mass scale using Renor-
malization Group Equations (RGE). Here, Vij represents the relevant Cabibbo-Kobayashi-Maskawa
(CKM) factors. The Oi are a complete set of renormalized dimension six operators. They consist of
six four-quark operators, O1−6, the electromagnetic dipole operator, O7 , and the chromo-magnetic
dipole operator, O8. The explicit expressions for C7,8 can be found in the literature [28]. The partial
decay width is given by,
Γ(b→ sγ) = αG
2
Fm
5
b
128pi4
|V ∗tsVtbC7(mb)|2. (24)
In 2HDM like scenarios, such as in the LSS model, additional contribution to C7,8 comes from the
charged higgs coupling to the quarks, given by
L =
√
2
v
H+t[Vijmuiλ
i
uPLdj + Vijmdjλ
j
dPRdj ] + h.c, (25)
Now, the deviation due to the charged Higgs in δC7 can be expressed as δC7(µx) and δC8(µx), where
x =
m2t
m2
H±
, computed as [29] [30],
δC7,8 =
[
λ2t
3
F
(1)
7,8 (x)− λtλbF (2)7,8 (x)
]
. (26)
where, λt = yH±tLbR and λb = yH±tRbL , as in Eq.(16), and for simplicity we choose a simpler notation
and denote these effective Yukawa couplings as yHtLbR and yHtRbL in the following text. The detailed
expression of the F functions can be found in Ref: [31] [18].
The b → sγ branching ratio receives large contributions from the charged Higgs couplings with the
top and bottom quark. We impose the limits on the Wilson coefficient to be in the range −0.063 ≤
δC7+0.242 δC8 ≤ 0.073 . The theoretical and experimental uncertainties are combined in a quadrature
while deriving the limits. It is interesting to note that the relative minus sign between the two
contributions (from W and H± in the loop) in general 2HDM model gives a destructive interference
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for some values of the model parameters [18]. Where as in our model, the coefficients depend on
the parameters of the strong sector and destructive and constructive both types of interference are
possible depending on the input values of the LSS model parameters. This is also true for the other
observables as well. Charged Higgs also contributes to B → dγ decay. The coupling of the charged
Higgs to the top and down (d) quark is also similar to Eq.(15), but this coupling is suppressed in this
model as Vts  Vtd.
In the Standard Model (SM), neutral meson mixing occurs due to the box diagrams with two W
exchanges. In the case of Bd and Bs mesons, the hierarchical structure of the CKM matrix and the
large mass of the top quark means that the mixing is dominated by the diagrams involving the top
quarks. In 2HDM like scenarios, the observables related to the neutral-meson mixing receive charged
Higgs contributions [32]. Further diagrams are obtained by replacing W lines by a charged Higgs,
yielding the contribution to the mixing as,
∆mq =
G2F
24pi2
(VtqV
∗
tb)
2ηBmBmtf
2
BqItot(xW , xH , xH) (27)
Itot = IWW (xW ) + (At)
4IH,H(xH , xH) + 2(At)
2IWH(xW , xH). (28)
Here where xW = m
2
t /M
2
W , and xH = m
2
t /M
2
H . IWW , IHH and IWH indicate respectively the internal
bosonic lines of the corresponding diagrams with an external light quark q = d, s. For details of
these Inami-Lim functions and other parameters we refer to [18, 33]. We consider the charged Higgs
contributions to the B0s − B0s mixing, as it provides stronger constraints than B0d − B
0
d mixing [13].
As mensioned earlier, the charged Higgs coupling to the top (t) and down (d) quark is suppressed in
our model. Both experimental measurements and the SM predictions are given in Table1 for B0s −B0s
mixing. We obtain the total contributions to the mass splitting from the W± bosons, the Goldstones
and the charged Higgs bosons (H±) through the box graphs. Normalizing ∆mBs with respect to its
SM prediction, we obtain the range at 2σ to be (0.675 ≤ ∆mBs
∆mSMBs
≤ 1.265 ).
Table 1: Standard Model vs. experimental values of the Flavor Observbles.
Obdervables SM value Experimental value
Br(B → Xsγ) (3.36± 0.23)× 10−4 [13] (3.32± 0.16)× 10−4 [29]
∆mBs (17.757± 0.021) ps−1 [13] (18.3± 2.7) ps−1 [13]
Rb 0.21581± 0.00011 [34] 0.21629± 0.00066 [24]
Bs → µµ (3.65± 0.23)× 109 [35] (3.0± 0.6+0.3−0.2)× 109 [36]
The flavor observables such as Bs → µµ and Bd → µµ also show sizable effect in 2HDM. But these
observables will have low impact in the LSS model, as H+lν is small, making BR(H+ → lν) small,
as we have already discussed in the previous section. In general, standard 2HDM scenario demands
very large values of the H+lν couplings with small charged Higgs mass [26] in order to explain the
current experimental value (Table1) of Bs,d → µµ, which is also very unlikely in LSS model. Hence
the constraining power of these observables are less compared to the other observables.
The Z → bb vertex has provided opportunities to search for new physics contributions, due to the
heavy masses involved in the loop, in the presence of new physics beyond the SM. The radiative
corrections at the vertex might imply charged Higgs exchanges in addition to the standard W boson
coupling with top and bottom. Precision measuement of electroweak precession observables, Z → bb
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branching ratio is measured as a ratio,
Rb =
Γ(Z → bb)
Γ(Z → hadrons) . (29)
The modifications in Rb due to the charged Higgs contributions at one loop is given by [20,37],
δRb ' −0.7785 δgLnew . (30)
Here δgLnew is the modification in the ZbLbL coupling, calculated from a combination of triangle graphs
where H± and the charged Goldstones float inside the loop. We neglect the modification in the ZbRbR
coupling because it is proportional to m2b , compared to ZbLbL coupling which is proportional to m
2
t
[20]. We constrain δRb in the 2σ range, −0.00086 ≤ δRb ≤ 0.00182 .
3.2 Constraints from flavor and Rb
The model parameter space is defined by the following parameters that appear in the Lagrangian: y1,
y2, y3, y4, y5, c, c1, g1, g
′
1, y1b, y2b, f and M . Among them, all other except f , M are considered
to be O(1) and they are varied in a suitable range that satisfy several conditions that we will show
in a while. We have used the relation M = 1.5 × f where f takes value upto 2 TeV. We have fixed
the VEV at 246 GeV. Hence, we perform a multi-parameter scan in 12 parameter space. As noted in
Ref: [11], to prevent VEV’s running away to∞, a sufficient condition is m21,2 > 0 and (m21m22−b4) < 0
and b2 is real. We have implemented these criteria in the multi-parameter scan.
As the flavor constraints are expected to be overwhelmed by the LHC constraints, we work in a more
relaxed framework in terms of LHC parameters, which is of help to curve out the flavor intricacies
of this type of set-up. The top and Higgs masses are fixed in the scan within a liberal window of
20 GeV and 10 GeV respectively. In order to see the effects emanating from the flavor sector, the
flavor observables are kept within their current allowed limits as listed in Table. 1. Along with that,
we also vary the bottom mass within 3 to 5 GeV.
The three cases of LSS model (case I, II and III) have different bottom Yukawa structure, depending
on values given to the Yukawa couplings y1b, y2b. The top sector Yukawa couplings yi, i = 1, 2..5
values are taken of order of unity which is natural as they, as a combination provide the top quark
mass with VEV’s vi ∼ 100 GeV. On the other hand, bottom sector couplings y1b, y2b are responsible
for the bottom mass along with other bottom Yukawa couplings. To generate bottom mass which
is two orders of magnitude smaller than the top mass, y1b and y2b are varied in an optimum range,
much smaller than the other Yukawa couplings. y1b, y2b are varied over a range |yib| ≤ 0.10. The
intermediate Yukawa couplings y−00, y
−
10 have combinations of the form y1b cosβ−y2b sinβ, which chart
out relative contributions of the y1b, y2b.
In the following, we show the Fig 1 and Fig 2 for three different cases as discussed earlier. In Fig 1
we plot case I at the top panel and case II (left) and III (right) at the bottom panel. In Fig 2 we plot
case I, II and III in the first, second and third column respectively. In the figures, the yellow points
are generated by the model parameter space which are allowed after imposition of basic constraints of
Higgs, top mass, stability of vacuum etc. Further imposition of the constraints from flavor observables,
cyan, green and red points respectively depict the projection of allowed parameter region that satisfy
the constraints from Rb, Bs − Bs mixing and b → sγ respectively. It is found that Rb and Bs − Bs
satisfy almost the same parameter space, leading to visual absence of cyan points from our plots in
most of the cases. The flavor bound from b → sγ decay is found to be most constraining for the
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Figure 1: Variation of tanβ as a function of y1b and y2b in three cases, case-I (upper panel), case-II
(lower panel left) and case-III (lower panel right), after imposing constraints from Rb (cyan), Bs−Bs
(green) and b→ sγ (red).
LSS model. Hence in the following discussion about the model parameter space, we will refer to the
strongest constraint that comes from b→ sγ.
We show the variation of the Yukawa parameters with tanβ in Fig 1 and 2. In this model, both m21,m
2
2
get contributions of same order of magnitude where as some of the Yukawa couplings, yi, i = 1, 2...5
are of the same order. As tanβ in the LSS model can be written in terms of their ratio, it is expected
to lie in the vicinity of unity. As reflected from the plots, small tanβ values are preferred overall. As
the tanβ value gradually increases from less than one to greater than one (upto tanβ ∼ 5), relative
dominance of the sinβ and cosβ dependent terms in Eq.(15) increase and decrease respectively .
The allowed parameter space translates to very small to moderate tanβ values as reflected in Fig 1.
For the case-I flavor scenario, where both yib 6= 0, flavor constraints seem to rule out the higher tanβ
(≥ 2) region for higher y1b values along with lower tanβ (< 1) region for higher y2b values. This
happens as the contributions to y1b cosβ − y2b sinβ does not exactly cancel each other, thus paving
way for increased contribution to the observables, constrained by experimental bounds (b → sγ etc).
For example, from Fig 1, it is clear that the maximum value of tanβ can be 5.0 for case-II, where as
for case-III, tanβ ≥ 6 is also allowed. Moreover, tanβ < 0.5 region is disfavoured in case-III from the
flavor observables. In case-II, for y1b = 0, the λt values in Eq.(26) remain significant only for larger
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Figure 2: Variation of tanβ with the effective Yukawa couplings and ktth in three cases, case-I (left
column), case-II (middle column) and case-III (right column), after imposing constraints from Rb
(cyan), Bs −Bs (green) and b→ sγ (red).
y2b and sinβ, which is related to tanβ. Only with large y2b and sinβ, λt becomes larger which is
paramount to fit the flavor data. Similarly for case-II with y2b = 0, after a certain y1b(≥ 0.02), smaller
values of tanβ are preferred with increasing y1b as cosβ becomes significant in that range and fails to
provide the required values of λt to satisfy the flavor constraints. Therefore, the case-II with y1b = 0
differs significantly from the case-I with all Yukawas non zero, where as the case with y2b = 0 remains
relatively unaffected.
The effective Yukawa pattern subsequently reveals the dominance of either y1b or y2b through their
contributions in Eq.(16). From Fig:2, we get to see different ranges of yHtRbL and yHtLbR . The allowed
yHtRbL values are one order magnitude higher than yHtLbR values, up to O(1.0) as opposed to O(10−1).
This reflects the insight that yHtRbL and yHtLbR are primarily dominated by the top sector and bottom
sector Yukawa couplings (yi, i = 1, 2 vs. yib, i = 1, 2) respectively. They are also function of left and
right top sector mixing elements in RL and RR, which are of similar magnitude being function of yi,
(i = 1, 5. The effective Yukawa coupling yHtRbL is a combination of top sector Yukawas and there
is no direct y1b, y2b contribution. Hence, yHtRbL almost produces similar allowed regions after flavor
constraints in three different cases. This is reflected in Fig. 2, top row where we plot yHtRbL vs. tanβ.
The flavor-allowed regions in case-III is somewhat similar to that of case-I and the case-II stands
apart, where relatively larger values of tanβ are allowed.
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Figure 3: LSS model parameter space after putting constraints from flavor observables and Rb (Ma-
genta) and further imposition of LHC observables (Blue) in three cases, case-I (left column), case-II
(middle column) and case-III (right column).
The middle row of Fig. 2 shows the allowed regions of the effective Yukawa coupling yHtLbR with tanβ
for three cases. Large values of yHtLbR (∼ 0.1) is allowed for tanβ < 1.5 in case-I where both the
bottom sector Yukawa couplings are non zero. Larger values of tanβ (∼ 4−5) is favored in the region
where yHtLbR is large in case-II where as in case-III, tanβ ≤ 0.5 is favored. In case-III, apart form
only small values of y1b, smaller tanβ values are allowed from after putting the constraints. Another
interesting feature of case-III is that a very small value of tanβ (< 0.2) is disfavoured by b → sγ, as
shown in all the plots Fig. 2(right column).
We also plot the tanβ dependence of ktth in Fig: 2. It is found that, in the experimentally allowed
0.6 < Ktth < 1.2 window, preferred tanβ is within a range 2 − 2.5 in case-I and III where as tanβ
upto 4 is strongly favored in the case-II by b → sγ constraints . The allowed values of the charged
Higgs mass is almost same in the three cases, as we will show in the next section.
3.3 Constraints from LHC
Properties of the Higgs boson are measured at the LHC in several channels. It implies that the
couplings of the 125 GeV Higgs to fermions (hff) and gauge bosons (hV V ) are consistent with those
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predicted by the SM, even though some mismatch still exists in the fermionic couplings [10, 38–40].
These measurements are found to be in favor of the alignment limit [41] in a 2HDM-like setup i.e.
| sin(β − α)| ∼ 1. The non observation of anomalous nature of the hV V coupling strongly indicates
that any BSM contribution is suppressed in the Higgs gauge boson interaction, implying | cos(β−α)| ∼
0 [42,43]. The hV V couplings in the LSS model, which exhibits a 2HDM-like structure, are suppressed.
Among the fermionic couplings, we only constrain the Higgs coupling to the third generation. We allow
both positive and negative hV V and htt couplings as they can interact constructively or destructively.
ATLAS and CMS experiments have put bounds on the couplings of SM Higgs [44], by looking at
different production and decay modes of the Higgs boson. The current limit on htt coupling is
dependent on different assumptions made during the statistical fit, as shown in Ref: [44]. After
inspecting the limits carefully, we perform our search in the window of 0.70 < Ktth < 1.4, where Ktth
is defined as the ratio of the measured htt coupling compared to its SM values. In the alignment limit
the hbb coupling is ∼ mb/v, which is maintained throughout the multi-parameter scan.
We derive the masses of the SM and BSM particles in terms of the model parameters. We calculate
the top mass in the MS scheme [45,46] and vary it in the range 156− 170 GeV around a mt(MS) =
163 GeV. The Higgs mass [47, 48] is varied in the range 123 − 127 GeV. LEP experiment excludes
the charged Higgs masses below 80 GeV [49]. At LHC, searches for the charged Higgs have been
performed through various decay channels, H± → cs [50,51], tb [52,53] and τν [54], and most of these
searches exclude m±H < mt. However, the experimental searches in H
± → tb channel is favored at
higher masses of H±, as predicted by the a lot of other BSM models [55]. Incidentally, also in the LSS
model we get the BR(H± → tb ∼ 1) satisfying a large parameter space of the model. Electroweak
precision measurements [24, 34] require the charged Higgs mass to be close to the mass of one the
neutral Higgses, which is also satisfied in our model (also shown in [12]). Different searches at LHC
has put limits on the masses of the vector like quarks as well, and typically it ranges from 1 TeV to
1.4 TeV [22].
In Fig 3 we show the model parameter space allowed from the flavor constraints and Rb by magenta
points. The blue points are the surviving points after the LHC constraints are imposed. The first
row of Fig 3 shows the allowed parameter space of the Yukawa parameters, which contributes to the
couplings of charged Higgs to the third generation quarks. Interestingly, we get three distinct patterns
for the three cases. Parameter space that satisfies all the constraints (blue points) are uniformly
distributed in case I. In case II, negative values of the yHtRbL are more preferred and in case III, small
values of yHtLbR are not allowed after the imposition of LHC constraints.
In the second row of Fig 3 we show the plot of tanβ vs. the mass of the charged Higgs boson. The
mass of the charged Higgs is a function of, tanβ, λ′5 and b2, which again depends intrinsically on the
other model parameters. The most important constraint form LHC is on tth coupling, which again
depends on the same intrinsic model parameters. The parameter space that survives after putting
tth and other LHC constraints, predicts such ranges of mH as shown by blue points in Fig 3. The
preferred values of charged Higgs mass lie well above 1 TeV, the smallest allowed value being ∼ 1.3
TeV after LHC constraints are imposed. Case-I and case-III shows more preference towards smaller
values of mH , where as in case-II, the limit on mH increases with increase in tanβ. Overall, the
plots in the first and second row reflects the correlation among the flavor physics and Higgs Yukawa
measurements at LHC with several other constraints.
The bottom row confirms that the top-like VLQ partners are well above 1.3 TeV which satisfies the
current LHC direct search limits. Our results also predict that the similar inference is true for the
bottom-like VLQ’s. There is no noticeable difference in the allowed parameter space for the three
cases that we have studied. In general, we found that the limits on VLQ masses and the charged
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Higgs mass are more tightened after the imposition of LHC bounds, specifically due to the alignment
condition. Similar conclusion can be made for the extra neutral and charged gauge bosons B′,W ′,
where the allowed mass stands at even higher mass of ≥ 2.2 TeV, which is also takes care of the
constraints coming from electroweak precision tests (EWPT) [12].
4 Conclusion
We re-introduce the LSS little Higgs model which acts as an UV complete model to produce an effective
2HDM at the EW scale, along with other BSM species, vector like fermions and extra gauge bosons.
Then the 2HDM part of that is tallied with the standard 2HDM to figure out crucial phenomenological
differences. We bring out both flavor and LHC constraints together from the arsenal, ably aided by
Electroweak precession observable Rb measurement to pin down the allowed parameter space of the
LSS model.
Different construction of the flavor sector are constructed from the bottom Yukawa perspective, and
we find out that the case with both yib 6= 0 case is relatively less constrained compared to the cases
with either of them put to zero. We deploy different flavor observables, potentially important to the
charged Higgs sector. Among them the b→ sγ decay branching ratio is found to be most constraining,
while Bs−Bs mixing and EWPT observable Rb constraints are relatively loose, though are not widely
off.
With respect to the combined flavor and LHC constraints, charged Higgs mass (m±H) and tanβ are
the two most important parameters. Both these parameters are bound tighter in the emergent 2HDM
from the LSS model than that in usual 2HDM. The most constrained 2HDM (type-II) limits the
charged Higgs at sub-TeV region whereas combined flavor and LHC bounds put a lower bound of 1.3
TeV in this model. Similarly, tanβ is spread over a wider range in general 2HDM as opposed to a
narrow range of (0.5-5) in the LSS case. This is the reflection of the predictive nature of the Yukawa
sector in the LSS model, that takes the pain to fix the Higgs mass, top mass and top Yukawa couplings
in terms of strong sector parameters of the LSS model, while these quantities were easily arranged in
the normal construction of the 2HDM, enforcing a Z2 symmetry.
These type of LH models with a large number of parameters are often very fine tuned, as multiple
parameters contribute to a single observable, such as the Higgs mass, which is very precisely known. It
is worthwhile to know how the three different flavor scenario, as discussed above, can have an impact
on the charged higgs phenomenology in future. In general, we find the charged Higgs along with other
neutral BSM particles are placed at masses well above one TeV. It can be promising to probe their
direct search potential at the advanced run of the LHC with enhanced luminosity.
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